Five experiments were conducted to investigate the production of nitric oxide (NO) 
with the coccidial parasite, Eimeria maxima, in order to assess the importance of these free radical species in the pathogenesis of the infections. Nitric oxide production was estimated by analyzing + , stable Thus, at that time, there was a potential for oxidative destruction of mucosal tissue from these free radicals and their reaction products. Levels of + did NO 2 -NO 3 -not increase in a stepwise manner with increasing infective dose, suggesting that production of NO may be regulated post-transcriptionally by other factors elaborated by the immune response to infection, or may be controlled by substrate limitations. A comparison of two E. maxima strains indicated that the virulence of a strain was not directly related to NO production. Increased production of due to increased NADPH oxidase O 2 -activity during infection may cause a reduction in levels of carotenoid pigments that is unrelated to malabsorption.
INTRODUCTION
Free radical species such as nitric oxide (NO) and superoxide anion ( ) are products known to be O 2 -generated during the host's cellular immune response to invasion by parasites (Adams et al., 1990; Liew et al., 1990; Gazzinelli et al., 1993; Oswald et al., 1994; Petray et al., 1994) including Eimeria sp. (Ovington and Smith, 1992; Allen, 1994; Allen and Teasdale, 1994) . These products can be synthesized and secreted by a number of cell types in response to stimulation by inflammatory cytokines such as interferon (IFN) (Oswald et al., 1994; Petray et al., 1994) and tumor necrosis factor (TNF) (Adams et al., 1990; Gazzinelli et al., 1993) . Superoxide anion is also elaborated during phagocytosis (Rosen et al., 1995) .
Eimeria maxima is one of several species of coccidia that parasitize chickens and that cause significant economic losses from mortality, morbidity, and reduced weight gains and feed efficiencies. It is considered to be the most immunogenic coccidia species to infect chickens (Rose, 1974; Rose and Long, 1962; Ruff and Reid, 1977) . It most severely parasitizes the middle portion of the small intestine. In acute infections it can cause a hemorrhagic enteritis, which is associated with thickening of the gut wall (Stephens et al., 1967) . Diarrhea is often a symptom, and orange casts are frequently present in the gut lumen. Damage to the gut, which includes sloughing of the mucosa, apparently reduces the absorptive surface and causes malabsorption (Ruff, 1978) . Nutrient malabsorption is usually associated with reduced weight gain in growing chickens.
Eimeria maxima also causes reduced pigmentation from dietary carotenoids. This has generally been considered a consequence of malabsorption and is associated with reduced weight gain. However, Bletner et al. (1966) found that reduced pigmentation can occur in mild E. maxima infections in the absence of effects of the infection on body weights, which suggests that other mechanisms are causing reduced pigmentation. It is possible that some reduction in plasma pigmentation could be due to oxidation of the carotenoids by free radicals produced during the immune response.
Nitrite ( (Ignarro et al., 1993 production within body tissues (Stuehr and Marletta, 1985) during pathological conditions. In recent experiments, we found that infection with Eimeria acervulina (Allen and Teasdale, 1994) or Eimeria tenella (Allen, 1994) caused increases in plasma levels of + . NO 2 -NO 3 -Maximum values were found at a time of disorganization of the intestinal or cecal mucosa, and were associated with gamete formation, oocyst production, and shedding. Plasma levels of + also NO 2 -NO 3 -appeared to be dependent upon the dose of parasite oocysts given.
In the present study, our interest was in determining whether E. maxima induced a similar response in NO production, and whether NO production was related to pathology of infection, particularly, weight gain depression, lesion score, and carotenoid malabsorption. Additionally, we looked at the time course of b-nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity in infected mucosal tissue. One product of this activity is . O 2 -
MATERIALS AND METHODS

Animals and Housing
Male Sex Sal chicks were obtained at 1 d of age from a commercial hatchery 1 and raised in brooder batteries until 2 wk of age. During this period, the temperature was gradually lowered from 32.2 to 25.5 C. Chickens were subsequently transferred to and maintained in suspended cages from 2 through 4 wk of age. Rooms containing brooders and cages were maintained between 23.9 and 25.5 C. under constant lighting. Chickens were fed a commercial 2 broiler starter ration (24% protein, 4% fat, 4% crude fiber) and had ad libitum access to water.
Parasites
Two strains of E. maxima were used: Strain 68, a mildly virulent strain maintained at the Beltsville laboratory for 15 yr; and Strain SS, a recently acquired, more virulent strain. Both strains originated from commercial poultry operations on the Maryland Eastern Shore, and have been propagated by periodic passage through chickens at the Animal Parasitology Unit in Beltsville, MD. Stocks of oocysts were stored at 4 C in 2.5% potassium dichromate. To prepare inocula, the dichromate was washed out with water by repeated dilution and centrifugation. Oocysts were further cleaned by treatment with 2.6% sodium hypochlorite for 0.5 h, which was then removed by repeated dilution in water and centrifugation. Doses of sporulated oocysts (SO) were calculated from counts of washed oocyst stocks and their percentages of sporulation. (Verdon et al., 1995) and determining the resulting total colorimetrically using the Griess NO 2 -reaction (Fox, 1983) . Analyses were carried out in 96-well microtiter plates. Absorbances were read at 540 nm (peak) and 650 nm (baseline). The difference in absorbances at these two wave lengths was proportional to concentration in the range of 0. Plasma Carotenoids. Total carotenoids in 1:10 acetone extracts of plasma were determined spectrophotometrically (Allen et al., 1996) and expressed as micrograms of lutein equivalents per milliliter.
Analyses
Preparation of Mucosal Homogenates. Segments of the chick small intestine from the bile ducts to the yolk sac diverticulum were excised, rinsed through with ice-cold 0.05 M phosphate buffer, pH 7.8, containing 1.33 mM diethylenetriaminepentaacetic acid (DTPA) (Oberley and Spitz, 1984) , and cooled on crushed ice. The segments were then split longitudinally, and the entire mucosa was scraped off with a razor blade and suspended in 15 to 20 mL ice-cold homogenizing buffer [DTPA buffer containing the protease inhibitor aprotinin (0.41 TIU), 250 U penicillin, 0.25 mg streptomycin, and 0.5 mg neomycin per mL]. Suspensions were briefly homogenized with a Dounce homogenizer and then frozen at -20 C until analyzed.
Mucosal NADPH Oxidase Activity. Homogenates were thawed rapidly, briefly rehomogenized, and diluted 1 to 5 and 1 to 10 in DTPA buffer containing aprotinin (0.18 TIU/mL). The NADPH oxidase activities in 0.1 mL of homogenate dilutions were measured by spectrophotometrically determining the reduction of acetylated cytochrome C (Ac-cyt-C) 5 (Boveris, 1984; O'Brien, 1984 ) (E 550 = 24 mM -1 cm -1 ) in the presence and absence of superoxide dismutase (SOD) (6 U/mL). The differences in absorbances in the presence and absence of SOD was a measure of NADPH oxidase activity which was expressed as nanomoles of a-f Means ± SEM within a column with no common superscript differ significantly (P ≤ 0.05).
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Protein. Homogenates and albumin standards were diluted in 0.1 N NaOH containing 2% Na 2 CO 3 and the protein in the homogenates determined colorimetrically using bicinchoninic acid reagent (BCA). 6 Statistical Analyses. Data were analyzed using the General Linear Models (GLM) procedure of SAS ® (SAS Institute, 1990 ). Significant differences between group means determined using Duncan's multiple range test, performed in conjunction with the GLM procedure.
Experimental Protocols Experiment 1. This experiment was conducted to determine the time postinoculation (PI) of maximum NO production. Two-week-old Sex Sals were each inoculated by gavage with 41,000 SO of E. maxima, Strain 68. At various times PI, five chicks were randomly selected and bled by cardiac puncture, and the plasma was analyzed for carotenoids and + . At each time point, thin NO 2 -NO 3 -smears of mucosal scrapings were stained with HEMA-3 7 stain and examined for parasites and leukocytes. Types of leukocytes were identified using the Atlas of Avian Hematology (Lucas and Jamroz, 1961) as a guide. Uninoculated control birds were housed in another building and bled separately. Experiment 2. This experiment was conducted to explore the relationship of time PI and infective dose with NO production in infected mucosal tissues. Two-weekold chickens were divided into three groups, and administered E. maxima Strain 68 at doses of 300, 3,000, or 30,000 SO. At various times PI, five chickens per dose group were killed by cervical dislocation, the middle portion of the small intestine was removed, and homogenates of mucosal scrapings were prepared and analyzed for + as described above. NO 2 -NO 3 -Experiment 3. This experiment was conducted to determine whether there were significant differences in NO production in response to two different strains of E. maxima: the relatively mild Strain 68 and the more virulent Strain SS. Twenty 3-wk-old Sex Sals were allocated to four groups of five chicks each, and administered doses of 1,000 Strain 68, 10,000 Strain 68, 1,000 Strain SS, or 10,000 Strain SS SO by gavage. At 6 d PI, chicks were bled, killed, and scored for lesions (Johnson and Reid, 1970) , and mucosal tissues taken for analysis. Uninfected control chickens were maintained in a separate building, and were assayed separately. Experiment 4. This experiment was conducted to examine the relationship between dose of parasite and NO production, and to assess effects of administration of N Gnitro-L-arginine (NA) during infection, reported to inhibit both constitutive and induced NO synthase (cNOS and iNOS respectively) (Rees et al., 1990; McCall et al., 1991; Grisham et al., 1994; Joly et al., 1994) . Two-week-old Sex Sals were randomized by weight into eight groups of six chicks and placed in suspended cages. Two groups of chickens were each inoculated by gavage with 0 (water), 290, 2,900, or 29,000 SO per chick of E. maxima Strain 68. From 1 d preinoculation through 5 d PI, chickens in one group from each dose level were each daily injected i.p. with a 1-mL aqueous solution containing 8.8 mg (50 mg/ kg body weight) NA. At 6 d PI, all chickens were weighed, bled, and lesion scored (Johnson and Reid, 1970) , and + determined. Weight gains and plasma NO 2 -NO 3 -carotenoids were also measured.
Experiment 5. This experiment was conducted to determine whether NADPH oxidase activity could be determined in mucosal homogenates and to see how it varied with time PI. Forty 2-wk-old Sex Sal chicks were each inoculated with 30,500 SO E. maxima, Strain 68. At various times PI, five chicks were killed by cervical dislocation, and the mucosa from the middle portion of the small intestines was scraped off and analyzed for NADPH oxidase activity as described above. 
RESULTS
Experiment 1
Experiment 3
The host responses to infection with Strain 68 differed from those responses to infection with Strain SS (Table 3) . Whereas distinct dose response differences with respect to lesion score, plasma carotenoids, and plasma + NO 2 -occurred in chickens infected with the SS strain, no NO 3 -significant dose responses were seen in chickens infected with Strain 68. This latter finding is consistent with results from Experiment 2. Part of the differences in strain response may be due to the fact that the low-dose effects from the SS strain were slightly more benign (lower lesion score, higher plasma carotenoids, lower plasma + NO 2 -) than those from the low dose of Strain 68. There NO 3 -were no significant differences among the groups in mean body weights; however, they averaged significantly less (11%) with respect to the mean weight of uninoculated control chickens (data not shown).
Experiment 4
In chickens that were not treated with drugs, parasite doses of 2,900 and 29,000 SO Strain 68 significantly reduced weight gains, whereas in NA-treated chickens only a dose of 29,000 SO reduced weight gain. However, that diminished gain was significantly more severe than in the untreated chickens (Table 4) . Doses of 2,900 and 29,000 SO produced lesions in both control and NA-treated groups, and there were no significant differences in the mean lesion scores between the two dose levels. In the NA-treated chickens, a dose of 290 SO produced lesions, whereas none were seen in the control chickens (Table 4) . Plasma + did not vary significantly with NO 2 -NO 3 -parasite dose in the control chickens; however, in the NAtreated chickens, the mean + level was NO 2 -NO 3 -significantly increased in chickens given doses of 2,900 or 29,000 SO. Plasma carotenoids decreased with increasing parasite dose in all treatment groups, significant decreases from control values occurring stepwise at doses of 290 and 2,900 SO. However, no further significant decreases occurred at the 29,000 dose level (Table 4) .
Experiment 5
The activity of NADPH oxidase in mucosa from the middle small intestine of chickens infected with 30,500 SO Strain 68 was increased significantly from 1 through 96 h PI and at 144 h PI as compared with that in uninfected tissue. Maximum values were observed at 24 and 72 h PI (Table 5) . Heterophils were not observed in smears of infected mucosa at 24 and 48 h PI; however, large numbers of granular lymphoid cells were present.
TABLE 4. Effects of administration of N G -nitro-L-arginine during infections with various doses of Eimeria maxima, Strain 68
a-d Means ± SEM within a column with no common superscript differ significantly (P ≤ 0.05). Table 2 ), a time that coincides with maximum disorganization of the infected mucosa and shedding of oocysts. These results are consistent with reports of NO production during other host-parasite interactions, including other Eimeria infections in chickens, and are strongly indicative of a cellular immune response that includes cytokinestimulated NO production by an iNOS.
The cellular source of NO is not known at this time. A large number of cells (for review see Moncada et al., 1991; Nathan, 1992) including stimulated macrophages, the enterocytes themselves, or the vascular smooth muscle (Busse and Mulsch, 1990; Koide et al., 1993) and endothelial cells (Oswald et al., 1994) have been reported to respond to inflammatory cytokines such as IFN and TNF with upregulation of iNOS. Large numbers of monocytic lymphocytes and macrophages were seen in mucosal smears from chickens infected with E. maxima at 6 d PI. Chicken macrophages and cells of the transformed chicken cell line, HD11, will produce NO when stimulated by complex carbohydrates such as acemannans (Karaka et al., 1995) or Sephadex (Sung et al., 1991) .
Mast cells can also be stimulated to synthesize NO (Salvemini et al., 1990) . In these present experiments, a greatly increased number of cells interpreted as being intraepithelial mast cells (Lucas and Jamroz, 1961; Lawn et al., 1988) were observed in mucosal smears. They characteristically did not resemble lymphocytes morphologically, contained large granules that stained metachromatically with thionin, red with HEMA-3, and red with PAS, and could be readily identified in PASstained cross sections of intestine. Whether these cells contribute to NO production during infection is not known, but this question deserves further study. Heterophils were conspicuously absent in the E. maximainfected mucosa in these experiments, indicating these cells do not play an important role in free radical production during the immune response to E. maxima infection.
Eimeria maxima Strains 68 and SS were compared at two dose levels, 1,000 and 10,000 SO, to determine whether the pathogenic differences between them could be related to NO production. There was no significant difference between strains in the mean plasma + NO 2 -level of chicks given the medium dose, although NO 3 -the mean lesion score for the SS strain was higher (Table  3) . However, surprisingly, the low dose of the more virulent SS strain caused a significantly smaller increase in plasma + than did Strain 68. The low dose NO 2 -NO 3 -of the SS strain also appeared to be less harmful because mean plasma carotenoids were higher and lesion scores lower than in the chicks infected with the low dose of Strain 68. Nevertheless, both doses of both strains were pathogenic, as the infected chickens exhibited significantly reduced body weights and plasma carotenoids and increased levels of plasma + compared NO 2 -NO 3 -to uninfected control chickens. The lack of consistent differences between the two strains in plasma or mucosal + levels suggests that the virulence NO 2 -NO 3 -attributed to the SS strain is not related to NO production.
Experiment 4 was run to further examine relationships between infective dose and NO production as estimated by levels of + , and to determine whether NA, an inhibitor of both iNOS and cNOS (Nathan, 1992; Joly et al., 1994) Nitro-arginine has been reported to be an inhibitor of both iNOS and cNOS, although it appears to be a more potent cNOS inhibitor (Joly et al., 1994) . No precedents were available for chronic treatment of chickens with NA. A dose of 4 mg/kg was reported to be insufficient to significantly reduce plasma + in a model NO 2 -NO 3 -of chronic granulomatous colitis in rats (Grisham et al., 1994) ; however, doses up to 75 mg/kg have been given mice i.p. to suppress cNOS in neural tissues (Bansinath et al., 1993; Calignano et al., 1993) . It was decided that a dose of 50 mg/kg i.p. was safe to test in chickens. Daily administration of this dose of NA during infection did not significantly reduce infection-associated increases in plasma + , nor did it significantly affect NO 2 -NO 3 -lesion scores at each parasite dose level with respect to controls that received no drugs (Table 4) . It did, however, significantly suppress weight gain at the highest parasite dose level with respect to the rest of the NA-treated and untreated groups. The lack of effect of NA on infection related rise in plasma + NO 2 -NO 3 -may be due to 1) suboptimal conditions of drug administration; it might be better given orally; 2) inhibition of the wrong NOS; NA may not inhibit chicken iNOS; or 3) because arginine is an essential amino acid in chickens, regulation of arginine metabolism, and thus NO synthesis, may be different than in mice and other mammals. It should be noted that in Listeria-infected mice (Gregory et al., 1993) , the iNOS inhibitor monomethyl-arginine was effective in reducing Listeria bacteria in the liver (a local tissue effect), but did not significantly lower plasma + NO 2 -levels. The gross appearance of E. tenella-infected NO 3 -ceca was changed (local effect) by administration of aminoguanidine, an iNOS inhibitor, without significantly reducing plasma + levels (Allen, NO 2 -NO 3 -unpublished data).
In these experiments, mean plasma levels of + NO 2 -in uninfected chickens ranged from about 3.5 to NO 3 -about 7.5 mM. Significantly increased levels in infected chickens ranged from about 8 to 17.5 mM. These values are considerably lower than those reported for mice infected with Listeria (Gregory et al., 1993) , mice with Gram-negative (E. coli) sepsis (Evans et al., 1994) , or rats with chronic granulomatous colitis (Grisham et al., 1994) .
In Experiments 2, 3, and 4, there appeared to be little dependency of plasma + levels upon NO 2 -NO 3 -infective oocyst dose, particularly at the 10 3 and 10 4 dose levels. This response is different from what has been observed with E. acervulina (Allen and Teasdale, 1994) or E. tenella (Allen, 1994) infections. The reason for this difference is not known at present.
There are many factors, particularly for macrophages, such as IFN, lipopolysaccharide, and NF-kB, which regulate iNOS at the transcriptional level (Xie and Nathan, 1994) . Other factors, for example transforming growth factor-b (TGF-b), elaborated by suppressor cells (CD8) can suppress iNOS both translationally and posttranslationally (Vodovotz et al., 1993) . Perhaps the relative numbers of cells responsible for elaborating factors such as these differ with various dose levels of parasite and thus ultimately affect levels of and NO 2 -. NO 3 -One of the substrates for NO synthesis is the amino acid arginine. Chickens cannot synthesize arginine, and are dependent upon exogenous sources (diet) for its metabolic utilization. Sung et al. (1991) have shown the absolute dependency on arginine concentration of NO 2 -production by chicken macrophages. Perhaps, then, the plasma + response is limited by dietary NO 2 -NO 3 -intake of arginine as well as competing metabolic reactions that require it as a substrate.
The other substrate for NOS is NADPH. This compound is also a substrate for other reactions, such as NADPH oxidase, an enzyme whose product is , and O 2 -the activity of which is found in leucocytes. For this reason, Experiment 5 was performed, in which the activity of NADPH oxidase in infected mucosa was measured at various times PI. Maximum values were seen at 24 and 72 h PI, although activity was generally increased in the infected mucosa with respect to uninfected controls throughout the infection (Table 5) . Sporozoites and second stage schizonts are the stages of E. maxima that can be found in the mucosa at 24 and 72 h, respectively (Rose and Hesketh, 1976) . The data therefore suggest that these stages promote a cellular response that results in production of . No heter-O 2 -ophils were detected in gut smears taken at those times, ruling them out as a source of ; however, increased O 2 -numbers of monocytes, macrophages, and mast cells were all seen in gut smears, an observation that suggests they could be potential sources of . O 2 -A reduction in plasma carotenoids has generally been considered an indication of nutrient malabsorption and usually accompanies reduced weight gain (Ruff et al., 1974) . In Experiment 1, plasma carotenoids became significantly decreased at about 70 h (Table 1) . Weight gain is not affected at this time. In Experiment 4, an infective dose of 290 SO significantly reduced plasma carotenoids without affecting weight gain at 6 d PI. Bletner et al. (1966) have also reported low infective dose-related plasma carotenoid reductions. The potential for bursts of in the early PI period as indicated in O 2 -Experiment 5, along with an in vitro demonstration of plasma carotenoid destruction by generation of reactive oxygen intermediates (Allen et al., 1996) These experiments strongly indicate that NO production in infected mucosa reaches maximum levels at the time of mucosal sloughing and oocyst shedding. The potential for production is also elevated at that time. O 2 -Theoretically, these conditions could lead to generation of peroxynitrite that is capable of oxidizing lipids in cell membranes (Radi et al., 1991) . It is possible that such cellular damage could occur to the mucosal epithelial cells themselves and thus be the cause of the mucosal sloughing.
